Abstract
INTRODUCTION
The incidence of diabetes mellitus (DM) is increasing worldwide with an unpredictable socioeconomic burden for the future. Recent estimates project that by 2025, DM might affect 300 million people, amounting to a global prevalence of 5.4% [1] [2] [3] [4] . The cardiovascular system is frequently affected by the sequela of DM [1] [2] [3] , with an early diastolic and progressive systolic dysfunction, pathological ventricular hypertrophy and an increase of interstitial fibrosis, regardless of the presence of ischaemic heart disease [4] [5] [6] . Thus, contractile impairment of the left and right ventricular myocardium is a common phenomenon in diabetic patients, but its pathophysiology is not well defined. While several mechanisms are likely to be involved, abnormal myofilament function appears to be fundamental to the genesis of this pathological entity. Recent findings demonstrated that enzymatic transformations of contractile proteins (O-linked ß-N-acetylglucosamine modification, which might impair calcium sensitivity) might play a key role in the impairment of myofilament function [7] [8] [9] . Although data from animal studies have shown a close link between DM and impaired myofilament function [10] [11] [12] , data derived from human studies demonstrating a direct impact of DM on myofilament function are sparse and of limited sample volume due to difficulty obtaining viable human myocardial tissue for adequate myofilament function tests [13] . The skinned fibre method as 'a canonical functional probe of the intrinsic myocardial regulatory complex' offers the possibility to examine the contractile properties of the 'myocardial apparatus' directly by withdrawal of membrane-dependent processes [10] . This is important because membrane-dependent processes are likely to influence contractile kinetics, e.g. by the enzymatic modifications as mentioned above [7] [8] [9] . This can be excluded in the skinned fibre model, as direct observations of the myofilaments offer insights into the process of contraction. Considering that atrial tissue has comparable contractile properties to ventricular tissue, results derived from skinned atrial tissue may also have clinical relevance for the heart as a whole [14, 15] . The approach appears suitable to study cardiac pathologies as represented in atrial tissue.
Thus comparison of calcium-induced force values of myofilaments taken from the right and left atrial of patients with and without diabetes could provide further knowledge about cardiac function in patients with DM. To this end, we examined calciuminduced force values of left and right atrial tissue, obtained during routine coronary artery bypass grafting (CABG) procedures, from patients with and without DM.
MATERIALS AND METHODS
The present study received approval by the ethics committee of the University Hospital Wuerzburg.
The study population consisted of 149 consecutive patients undergoing elective on-pump coronary artery bypass surgery (CABG) between August 2016 and July 2017. We included only patients with complete clinical and experimental data sets. We excluded patients with incomplete data sets. Written informed consent was given by all patients.
Diabetes was defined by a fasting glucose > _126 mg/dl or current treatment with insulin or oral agents.
Overall, 106 patients had no diabetes mellitus and 43 were diagnosed with diabetes mellitus. Of these 43 diabetic patients, 7 patients were without any prior medication, 18 were on oral antidiabetic medication, 3 patients were receiving insulin and 15 patients had oral antidiabetics in combination with insulin.
Medical reports and examinations were recorded pseudonymously; demographic data are depicted in Table 1 . Echocardiographic examinations included the area of the left and right atrium as well as parameters evaluating diastolic function (mitral valve E/A, mitral valve deceleration time, E/Lat E 0 , E/Med E 0 ). All data were collected in a database maintained by the Institute of Clinical Epidemiology and Biometry, University Hospital Wuerzburg.
Experimental aspects
A small piece of the right atrial tissue was resected for venous cannula placement in patients undergoing open cardiac operations with the aid of extracorporeal circulation. The left atrial tissue was resected in the same study population for stroke prevention.
We chose the approach of skinned fibres since it facilitated a window directly into the myocardial apparatus [10] . The withdrawal of the sarcolemma excludes all membrane-dependent processes and unsolicited external influences, such as residual medication effects.
Collected tissue samples were then transported to the experimental laboratory in an oxygenated Krebs-Henseleit solution on ice (50 ml, amounts in mmol/l: NaCl 118.07, C 6 5 ) and 100 ll Triton X (Sigma Aldrich Chemie GmbH, Steinheim, Germany). This tube was refrigerated for 24 h on a rotating device. Next, the samples were placed in a petri dish with fresh preparation solution. In preparation for the experimental set up, the trabeculae were dissected into minuscule (0.3 mm Â 3 mm.) bundles. We isolated 3 myofilament bundles per patient and performed the experimental cycle. These bundles were secured between the 2 forceps of the muscle investigation system. One of these forceps was connected to the force transducer in order to record changes of myofilament length during contraction. The fibre bundles were subsequently exposed to increasing calcium concentrations and the corresponding force is measured. The unit for the force measurements is Millinewton (mN). For this purpose, 8 small containers with increasingly concentrated calcium solutions were placed in the experimental device. The following concentrations of calcium were used and are recorded as a dimensionless negative decadic logarithm of concentration: pCa 5.5, 5.4, 5.3, 5.2, 5.1, 5.0, 4.75, 4.5. The lowest calcium concentration was pCa 5.5, which was increased until the highest concentration of pCa 4.5 was achieved. Physiological calcium concentrations range between pCa 5.0 and 5.3. Concentrations were titrated up to supraphysiological values in order to achieve calcium saturation and to test for any additional force recruitment under these conditions. We began with the lowest calcium concentration, only slightly stretching the actin-myosin skeleton to prevent the damage caused by excessive distention at supraphysiological calcium concentrations.
The first container introduced a calcium-free, so-called 'relaxation solution' (contents in mM: C 3 The calcium concentration was calculated according to the equation of Fabiato and Fabiato [16] . After positioning the trabecular bundle between the forceps, the flexible arm of the device which connects to the 2 forceps was lowered, immersing the specimen in the container. One of the forceps was connected to a force transducer which records all length changes caused by contraction and displayed the output data as a pCa/force curve. Initially, the trabecular bundle was kept in a steady state before pre-stretching was performed. This ensured optimal pretension of the actin-myosin filaments in accordance with the FrankStarling mechanism. After a phase pre-stretching with 0.2 mN of force, steady state was assumed and the output curve was adjusted to zero. Now the experimental cycle was initiated: the device arm lifted the specimen out of the relaxation solution containing vessel and lowered it into the solution with the lowest calcium concentration. The trabecular bundle was immersed in the solution until a stable plateau is reached. After several minutes, steady state was achieved and the specimen was immersed in the next solution in ascending order of calcium concentrations.
The resulting force values were recorded in a table and saved as an excel datasheet.
All experimental results were collected in a large data set, including enrolled subjects' preoperative, clinical and echocardiographic parameters. Statistical analysis was conducted by the Institute of Clinical Epidemiology and Biometry, University Hospital Wuerzburg.
Statistical analysis
We conducted repeated measures Analysis of variance (ANOVA). The post-hoc tests at different concentrations are only descriptive. We divided the analysis after left atrial values and right atrial values. The calcium concentration with 8 levels acts as within subject factor. There are 2 between subject factors with 2 categories sex and diabetes.
Within this approach we can estimate population-averaged effects while accounting for the dependency between repeated measurements. The subject in this study are the patients, the calcium concentrations is the within subject factor.
A P value <0.05 was considered statistically significant. We did not perform any correction for multiple testing.
Considering the differing types of clinical characteristics, we analysed metric and ordinal parameters with Mann-Whitney-U-test. Other categorical variables were dealt with using the v 
RESULTS
Demographic data are depicted in Table 1 . Aside from a slightly higher incidence of arterial hypertension and hyperlipoproteinaemia in the diabetic group, no significant differences between groups were obvious. Table 2 shows the preoperative echocardiographic data. The echocardiographic measurements were comparable, with larger LA areas found in diabetic patients.
Intraoperative data (Table 3) did not show any significant differences between groups.
A significant effect of sex as the between-subject factor on force and diabetes was not observed (LA P 0.44 and RA P 0.77). The effect of DM was significant for LA (P = 0.002) and RA force values (P = 0.005).
LA and RA calcium-induced force values are depicted in Table 4 . In general, we observed a significant influence of DM on left atrial force values, averaged across all calcium concentrations, with reduced force values compared to patients without diabetes (P = 0.002) (Fig. 1) . Stepwise comparison of calcium-induced force values for the left atrial are depicted in Table 4 , displaying a significantly lower calcium-concentration-dependent increase in force values for patients with DM in the physiological or nearphysiological calcium concentration range. However, for extreme low calcium concentrations, (pCa 5.5 vs pCa 5.4,) no significant differences between groups were observed.
Similar results can be demonstrated for the RA (Fig. 2) . Averaged over all calcium concentrations, the impact of diabetes was significant (P = 0.005). Stepwise comparison of calciuminduced force values for the right atrial (Table 4) showed significant differences for all calcium concentrations, excluding the 2 highest steps (pCa 4.5 vs 4.75 and pCa 4.5 vs 5.0).
DISCUSSION
In this study, we investigated the contractile properties of both atria in patients with DM for the 1st time, demonstrating reduced calcium-induced force in both atria compared to non-diabetic patients in a patient cohort undergoing on-pump CABG.
The examination of both right and left atrial tissue was necessary to evaluate if diabetes might cause variable changes in high-and low-pressure circulation. Considering the early onset of fibrosis and pathological hypertrophy (regardless of the presence of ischaemic heart disease) in patients with diabetes, we assumed that left atrial tissue might show more pronounced effects.
Although the correlation of DM and heart disease was first recognized in 1881 by Leyden, who described heart failure as a 'frequent and noteworthy complication of DM', the mechanisms and the potential factors contributing to susceptibility, progress and severity of the disease remained elusive [17, 18] . Until now, a number of pathomechanisms have been thought to be responsible for the impairment of cardiac function in diabetics. Akella et al. [10] revealed diminished calcium sensitivity of skinned rat muscle fibres, Malhotra et al. [11, 12, 19] suggested impaired regulatory proteins and Strang and Moss [20] assumed reduced velocity and shortening of skinned rat ventricular fibres when exposed to a1-adrenergic agonists. Myocardial calcium sensitivity is known as a species-dependent process, thus we focused our work on human tissue [21, 22] and chose an experimental setup to examine the 'myocardial apparatus' directly, devoid of membrane-dependent influences. Thus we used the skinned fibre method as 'a canonical functional probe of the intrinsic myocardial regulatory complex'.
Our results showed that DM has a significant impact on contractile force development, both in right and left atrial fibres. We could demonstrate that the contractile force values are significantly lower in both atria of diabetics compared to patients without diabetes. In the future, these findings could influence the clinical assessment of left and right heart function in patients with DM, considering that atrial tissue can be assumed to be representative of ventricular tissue, inasmuch as the myofibrillar kinetics and properties have been shown to be similar in both chambers [14] . This phenomenon has not been described so far. Data from the literature dealing with myofilament properties in patients with DM are scant and of limited sample size. Jweied et al. [1] showed depressed myofilament function in left ventricular tissue, but their sample size was very small and the right ventricle was not examined. This work compared 7 diabetic tissue samples and 5 control samples. Furthermore the experimental procedures differed and fibres were of ventricular origin. However, even in this small sample size, myofilament function was depressed. Other studies assume a mechanism of increased cardiac rigidity, which impairs cardiac contractility or accelerates cardiac lipid accumulation and alters calcium homeostasis. Some of the pathophysiological processes implicated include increased diastolic sarcoplasmic reticulum-Ca++ leak, reduced synchrony of Ca++ release and lower peak systolic and diastolic Ca++ release [10, 11, 12] . All these examinations represent indirect approaches for the assessment of contractile function.
Guner et al. [13] showed reduced mRNA levels of calcium release channels in right atrial tissue and deduced that this would result in reduced chronotropy and inotropy, a fairly indirect assessment of myofilament function. Direct measurements of contractile function were not performed.
The result of impaired right and left atrial myofilament functions are interesting in the context of similar systolic left and right ventricular functions between our subject groups. We observed only mild diastolic dysfunction in DM patients (however, this result was not statistically significant). From clinical data, diastolic dysfunction as an early sign in the course of diabetes-induced heart failure is well-described [6, 17] . Our results further bolster the hypothesis that myofilament function is impaired early in the disease, although clinical signs may be lacking. Studies comparing these experimental results with clinical imaging techniques are lacking so far.
Our data also showed that the left atrial area was larger in DM patients. The importance of left atrial size and function has been recently described as an independent predictor for all-cause mortality in patients with DM [9] . LA enlargement as an early sign of cardiac remodelling has been shown to occur earlier in diabetic patients [23] [24] [25] [26] [27] [28] . Considering that the force values of right atrial myofilaments were also reduced even though their size remained normal, we concluded that diabetes plays the primary role. In left atria, it is probable that left atrial dilatation is a coexisting entity, secondary to volume overload or left ventricular pressure abnormalities and in the absence of valvular disease or rhythm disturbances [24] . The observed larger left atrial area in DM patients may, through the mechanism of myofilament overstretching, further negatively impact the already reduced contractile force values. Optimal force development is possible only when the sarcomere length ranges from 2.0 to 2.1 lm. Larger atrial areas could theoretically result in overstretched myofilament fibres. However, we also observed reduced right atrial myofilament function in diabetic subjects when right atrial areas were within the normal range and their size did not differ between groups. This finding leads us to believe there must be another contributing factor. To our knowledge, the importance of right atrial function as a predictor for morbidity and mortality in DM patients has not yet been investigated. Our demonstration of reduced right atrial force values in DM patients opens up a new avenue of research delineating the role of right atrial myofilament function on the clinical course of patients with DM and coexisting cardiac pathologies.
Considering the similarity of myofibrillar contractile kinetics in human atria and ventricles, reduced atrial force value can be equated with reduced ventricular force values [14] . Assuming that atrial morphology and function as well as mild diastolic dysfunction are early signs of myocardial dysfunction in DM patients, earlier and closer surveillance of DM patients focusing on atrial properties seems reasonable.
We could furthermore show that imaging techniques, so far believed to be reliable in the assessment of cardiac function, do not provide complete information regarding cardiac function. The impairment of cardiac function in diabetic patients has been demonstrated experimentally, although clinically (echocardiographically) no evidence for impaired right or left ventricular and atrial function was present.
Considering the differing pressure and volume conditions between the left and right heart, we believe it could be of interest to examine differences in contractile impairment between the 2 atria on the cellular level as well. Possibly, this could reveal if diabetes is associated with or predictive of reduced myofilament contractility. This comes to bear especially in the setting of coronary artery bypass surgery (CABG), because recent work has revealed a higher risk of heart failure and increased risk of inhospital and cardiac death after CABG for diabetic patients. A better understanding of the basic science involved could translate into a direct clinical impact, for example by influencing catecholamine therapy in the early postoperative course or prompting the initiation of treatment for heart failure after discharge in this select group of patients. To the best of our knowledge, this differentiation has not been attempted so far. We are led to believe that diabetic patients need closer medical surveillance and earlier therapy for heart failure. New pharmacological drugs like sodium glucose cotransporter inhibitors are thought to have cardiovascular benefits for patients diagnosed with diabetes mellitus type II and they might be used earlier in this special group of patients.
Limitations
The present study harbours several limitations, which should be considered when interpreting the results.
The reason for using the skinned fibre method was that the literature values this approach as being a 'canonical functional probe of the intrinsic myocardial regulatory complex' and therefore suitable to examine intrinsic contractility [10, 15, 22] .
Although the present work is the largest human study comparing myofilaments between non-diabetic and diabetic patients to date, the number of subjects is still too low to draw definite conclusions. A possible side effect of arterial hypertension on force recruitment cannot be excluded. But differences in force values are also seen in the right atrial tissue in the absence of pulmonary hypertension of both groups. A definite effect of diabetes is present, although other influences, such as arterial hypertension, may also be at play.
The question as to how far differences observed in atrial tissue might be representative is justified, and although Vannier et al. [14] demonstrated similar myofibrillar kinetics in human atrial and ventricular tissue, metabolic properties (different myosin isoenzymes) vary and might impact contractile function of atrial and ventricular fibres [15] . Therefore, this limitation cannot be dismissed. On the other hand, many studies performed in animal models have suggest similar processes in humans. We view this as a general-and unfortunately, immutable-limitation in experimental research.
Our secondary observation of enlarged left atria might reflect an early remodelling process in diabetic patients due to volume or pressure abnormalities. It is possible that dysfunction on cellular level could equally propel the enlargement process. Markman et al. [9] revealed that left atrial volume and function are predictive of all-cause mortality in diabetes, we assume the left atrium plays a key role in the cardiac impairment of diabetic patients.
More sophisticated imaging techniques could possibly have detected differences in atrial and ventricular size and function more accurately.
As is true of every experimental setup, operator-specific biases regarding the handling of human tissue cannot be excluded, although a high degree of standardization was implemented. 
CONCLUSION
The results of our study support the importance of atrial function as a clinical determinant in DM. We could show that diabetic patients develop lower calcium-induced force values from left and right atrial myofilaments compared to non-diabetic patients. This finding may have a clinical impact in the treatment of DM patients. So far, however, causation between atrial contractile capacity and clinical outcome cannot be drawn, since this study was not powered for that particular issue. The results of our study must be viewed as hypothesis-generating.
